B a c k g ro u n d : S e n s i t i ve and selective molecular re c og n ition is important throughout biolog y. C e r tain organisms and toxins use specific binding at the cell surface as a firs t step towa r ds inva s i o n . A new series of biomolecular m a t e ri a l s , with novel optical and interfacial pro p e rt i e s , h a ve been designed to sense molecular re c og n i t i o n eve n t s . These polymers , the diacetylenic lipids, h a ve previously been shown to undergo chromatic transitions in response to virus binding to the surface of the materi a l . R e s u l t s : Gangliosides that specifically bind cholera t ox i n , heat-labile E s ch e ri c hia coli e n t e ro t oxin and botul i n um neuro t o xin we r e incorporated into a matrix of diacetylenic lipids, 5-10% of which we r e deriva t i z e d with sialic acid. The lipids we r e self-assembled into L a n g m uir-Blodgett laye r s and polymerized with ultraviolet irr a d i a t i o n , yielding a polydiacetylene membrane with a characteristic blue color into which the ganglioside is non-covalently incorp o r a t e d . When toxin is a d d e d , the polymerized membrane turns re d . The re sponse is specific and selective, and can be quantified by v i s i b le absorption spectro p h o t o m e t r y. C o n c l u s i o n s : Polydiacetylenic lipid membranes offer a general ' l i t m us test' for molecular re c o gnition at the s u r f ace of a membrane. A concentration of 20 ppm of p r otein could be detected using polymerized thin films. The speed, s e n s i t i vity and simplicity of the design offers a new and general approach towards the direct colorimetric detection of a variety of different molecules.
Introduction
L i ving organisms re c o gnize and respond selectively to nu m e r ous molecules. C e r tain organisms use molecular re c o gnition at the cell surface to invade other liv i n g o r g a n i s m s .E n gi n e e red artificial membranes using conjugated polydiacetylene polymers can be designed to undergo distinct chromatic transitions when such a molecular re c o gnition event occurs at the surface of a membrane ( Fig. 1 a ) . S e l f -a s s e m b ly of these amphiphilic diacetylenic molecules occurs by the same entro p i c d r iving forces which result in the formation of biological cell membranes and vesicles [1] . Once the monomers h a ve been assembled into an ord e r ed arr ay, t h e y are p o l y m e r ized by UV irradiation into a bl u e -c o l o re d polydiacetylene polymer [2] [3] [4] . Color changes of polydiacetylenes have been known to occur in response to a va r iety of env i r onmental perturbations such as incre a s e d t e m p e r a t u r e, p H , or mechanical stress [5] [6] [7] [8] . By incorporating bio-specific re c e p t o r s into the polydiacetylene m a t ri x , we found that molecular re c o gnition at the s u r f ace of these materi a l s , such as the binding of influenza viru s , can similarly induce the chromatic transition [9] .The materials can also be used to form liposomes [ 1 0 ] . This direct colori m e t r ic detection strategy allow s molecular re c o gnition and optical ' re p o rt i n g ' to occur within a single macromolecular assembl y. This appro a c h bypasses the need for secondary color deve l o p m e n t re a g e n t s , such as the enzyme-linked antibodies used in ELISA detection. The technology also allows for ve r y rapid detection of biological molecular re c o gnition eve n t s .
Design of supramolecular polydiacetylene assemblies
The flexibility in the chemistry and the arc h i t e c t u r e of the self-assembling materials allows investigation of a va r iety of design strategies for the colori m e t r ic sensors . In this way, optimization can be readily achieved for a number of different receptor-ligand interactions. Po l ydiacetylene matrices have been used in two molecular a rc h i t e c t u r es so fa r : thin polydiacetylene films coated on solid glass support ( Fig. 1 b , [ 9 ] ) , and polydiacetylene liposomes in solution ( Fig. 1 c , [ 1 0 ] ) . In addition to these t w o supramolecular arc h i t e c t u re s , t w o differe n t a p p r oaches can be used to functionalize the surface of the assembl y. In one case, the diacetylenic monomer lipid is directly derivatized with the appro p r iate re c e ptor by synthetic coupling. This allows direct cro s slinking of the ' re c e p t o r -l i p i d ' with the surro u n d i n g polydiacetylene ' m a t ri x ' . Binding affinity or ligand stability can be controlled by suitable modification of receptor stru c t u r e [9] . H e r e we show that cova l e n t c r osslinking between the chro m o p h o r e and the re c e ptor is not essential to generate the chromatic transition on ligand binding; a receptor molecule can be nonc o valently incorporated into the polydiacetylene matri x in a manner analogous to the heterogeneous mixing of molecules in cell membranes.
Results and discussion
We describe the incorporation of several different compounds into a ' m a t ri x 'l i p i d , 10,12-pentacosadiynoic acid ( P DA ; F i g . 2 , compound 1) . After covalent coupling of the C-glycoside of the carbohydrate sialic acid to PDA , this molecule (Fig. 2 , compound 2 ) can be cro s s l i n k ed to the matrix lipid (giving the product shown in Fig. 1 b ) .
Influenza virus binds to this assembly [9, 10] via the viral l e c t i n , hemagglutinin (HA), which binds to terminalglycosides of sialic acid on cell-surface glycoproteins and glycolipids [11, 12] , thus initiating cell infection by the v i r us [13] . S p e c i f i c , d e s i r a b le pro p e r ties can be built into the receptor-lipid molecule to enhance binding and stab i l i t y. For example, the bifunctional sialic-acid-derivatized PDA incorporates both the sialic acid receptor for viral binding and the diacetylenic functionality in the hy d r ocarbon chain for polymeri z a t i o n . The carbon-glycoside in this compound was incorporated into the s t ru c t u r e in such a way as to prevent hy d r olysis by viral n e u r a m i n i d a s e .The derivatized PDA can be mixed with 10,12-pentacosadiynoic acid and formed into thin films or liposomes. Optimal sialic-acid-derivatized PDA s e n s o r s are composed of 5-10 % sialic acid lipid and 90-95 % matrix lipid [14] .
If the receptor of interest is already lipid-linke d , it can be d i r ectly incorporated into the macromolecular assembl y, avoiding potentially complex synthetic steps (Fig. 3 ) . G a n g l i o s i d e s , a family of molecules that reside on the cell s u r f ace of neuro n s , p r ovide a suitable system for demonstrating this appro a c h . Gangliosides are lipid molecules that are located in the plasma membrane of cells and have a carbohydrate re c o gnition group attached to the extracellular surfa c e .The lipid anchors the carbohydrate in the cell membrane, and allows incorporation of gangliosides into the artificial PDA assemblies or liposomes.Two re pre s e n t a t i ve members of this family are the G M 1 and G T 1 b gangliosides (Fig. 2 , compounds 4,5) . The G M 1 g a n g l i os i d e s , p r esent on the surface of intestinal cells, a r e the p ri m a r y target of cholera tox i n , the neuro t o xin re s p o n s ible for the disease cholera [15] .The G T 1 b gangliosides are located at the neuro m uscular junction, and are the p ri m a r y target of botulinum neuro t ox i n , the neuro t ox i n re s p o n s i b le for botulism [16] .
The chromatic unit of the neuro t oxin sensor is composed of PDA and ' p ro m o t e r ' P DA . The function of the ' p r om o t e r ' P DA is not fully unders t o o d , but it is essential to p roduce the chromatic transition in the tox i n -b i n d i n g e x p e ri m e n t s . We postulate that the ' p ro m o t e r 'P DA l owe r s the activation barrier of the chromatic transition.The promoter pro b a b ly changes lipid packing, a l t e r ing the effect i ve conjugated length of the backbone, or it may prov i d e a connection between the non-conjugated receptor and the conjugated backbone, e n a b ling the neuro t oxin to induce the colori m e t r ic transition. The promoter PDA used in these investigations is a sialic-acid-or lactosed e r ivatized PDA lipid (Fig. 2 , compounds 2,3) . It should be noted that, in this case, the derivatized lipid is used to modify the film's optical pro p e rt i e s , and not as a molecular re c ognition site as in the case of influenza virus detection. The polydiacetylene bio-assembly containing only sialica c i d -d e r ivatized PDA (or lactose-derivatized PDA) does not respond to the neuro t oxins used in this study (data not s h ow n ) , indicating that there is not sufficient interaction b e t ween the neuro t o xins and the derivatized diacetylene lipid to induce the color change. To self-assemble the most sensitive laye r s to detect toxin binding, typically a mole ratio of 90 % PDA , 5 % s i a l i c -a c i d -d e r ivatized PDA and 5 % ganglioside lipid is u s e d . If more than 5 % ganglioside is used, p o l y m e ri z ation is reduced to such an extent that the films are of poor optical quality, due to steric hindrance of the solid-state polymeri z a t i o n . For films containing the lactose promoter lipid, it was found that too high a concentration of lactose-derivatized PDA (> 5 %) also led to unstable films that turned red upon exposure to buffer solutions. In optimal conditions, the self-assembled monolayer of 2 % lactose-derivatized PDA , 5 % ganglioside and 93 % PDA resulted in a blue to re d color change when the film was incubated specifically with cholera tox i n .
Colorimetric detection of viruses and neurotoxins
The thin-film toxin biosensors obtained in this study exhibit the characteristic blue color due to the pre s e n c e of conjugated, p l a n a r, ri g id polydiacetylene chains in the molecular assembly (Figs 4a).This can be compared with the color of the liposome sensor for influenza viru s ( F i g . The maximum at ~5 5 0 nm increases with a concurre n t d e c r ease in the maximum at ~6 3 0 n m , and the film or liposome suspension appears re d . The color change can be quantified by calculation of the colori m e t r ic re s p o n s e (CR) by measuring the re l a t i ve change in the perc e n t a g e of the intensity at ~6 3 0 nm re l a t i ve to the intensity at 550 nm [9] .
To determine the sensitivity of the biosensors to target a n a l y t e , the response (CR) of the sensor as a function of analyte concentration was determined (Fig. 4 c ) .
In agre ement with previous re s u l t s , the CR is directly pro p o rt i o n a l to the quantity of target analyte [9, 10] . For the G M 1 -c o ntaining biosensor, the colori m e t r ic response to cholera t oxin rises steeply at low toxin concentration, then leve l s out at higher concentration, indicating that surfa c e binding sites are saturated (Fig. 4 c ) . The low detection limit corresponds to a sensitivity of ~1 x 1 0 -1 0 M .T h e absolute sensitivity of the lactose-derivatized PDA doped film is slightly lower than that of films containing the sialic acid promoter lipid, due to the higher background level in the presence of buffer only (CR = 7 % for lactose-PDA ; C R = 5 % for sialic acid-PDA ) . Similar results are seen using the G T 1 b ganglioside biosensor and botulinum neuro t ox i n , and using the G M 1 ganglioside biosensor to detect E . coli e n t e ro t oxin (data not show n ) . To demonstrate that the incorporation of G M 1 into the biosensor assembly did not compromise the G M 1 -c h o l e r a t o xin interaction, the supramolecular arr a y was selfa s s e m b led onto a gold chip, and the interaction was meas u r ed by surface plasmon resonance using a Biacore 2000 i n s t ru m e n t . The binding affinity (K a ) of cholera toxin to the G M 1 biosensor was determined to be 3 To evaluate the selectivity of the sensor materi a l , a seri e s of experiments we r e carried out to confirm that the functionalized polydiacetylene assemblies are specific to the biological target. For example, E s ch e ri c hia coli c e l l l y s a t e , b o vine serum albu m i n , p e r tussis tox i n , d i p h t h e ri a t ox i n , and va r ious bu f f e r s at different salt and pH conditions produce a background CR of ~5 % (Fig. 6 ) ; t h e highest background was seen using bovine serum albumin (BSA).These results define the level of non-specific a d h e s i o n , and there f o r e, the minimum detection limit. L ow levels of toxin or virus molecules yield CRs significantly above the background level (Fig. 6 ) . No cross re a ct i vity was observed between the neuro t o xin and viru s s e n s o rs . The majority of the colori m e t r ic response occurs immediately upon exposure to the target analyte. A f t e r one second, 7 5 % of the total CR to target analyte is o b s e r ved to occur (Fig. 6 a ) .
A much higher concentration of polymerized materi a l can be achieved with liposome solutions compared to m o n o l ayer assemblies ( Fig. 1 ) , due to their greater cro s ssectional density. Liposomes have the advantage of making the color change more visually striking and i n c r easing the colori m e t r ic response (compare Figs 4,5) . The liposomes are pre p a r ed from the same start i n g m o n o m e r s as would be used for thin film assembl y, t y p ically using a probe sonication method. The optical a b s o r ption pro p e r ties of the liposomes can be contro l l e d to a certain extent by the polymerization time (Fig. 5 b ) . Ty p i c a l l y, blue liposomes turn pink, while purple liposomes turn orange upon addition of target analyte. A s noted with the neuro t oxin sensors , and as prev i o u s l y s h own [10] , the colori m e t r ic response increases with i n c r easing amounts of analyte. No color change could be detected if pure PBS buffer (phosphate bu f f e r ed saline) or a solution of bovine serum albumin (BSA) in PBS bu f f e r ( 1 m g m l -1 ) was added to the virus sensor system (Fig. 6 ) . The amount of virus that can be detected above the b a c k g round is 8 hemagglutination units (HAU ; one HAU is defined as the highest dilution of stock virus that completely agglutinates a standard ery t h r ocyte suspension [ 1 8 ] , and 8 HAU corresponds to ~8 x 1 0 7 v i r us part i c l e s [ 1 9 ] ) . As illustrated in Figure 6 , the liposome sensor produces a much higher response to virus binding than the thin film sensor does for toxin binding.Ty p i c a l l y, the liposome sensors have CR values of ~7 0 % , re l a t ive to typical thin-film CR values for toxins of ~3 0 % . The specific nature of the interaction between the influenza virus and the sialic acid-PDA liposomes was confirmed by a competitive inhibition experi m e n t ( F i g .7 ) . In the presence of -O -m e t h yl neuraminic acid, a known inhibitor of influenza virus hemagglutinin, n o color change is observe d .T h e re f o re, the color transitions seem to be induced by specific binding of biologi c a l targets to the membrane-like surfa c e .These results suggest that this methodology could be useful for detecting a wide va r iety of potential antiviral or antitoxin drugs in a h i g h -t h roughput screening form a t .
Mechanism of action
The blue to red transition arises from a reduction in the length of the conjugated lipid backbone, most likely due to the loss of backbone planari t y.The reduced conjugation results in absorption of shorter wave l e n g t h s , so red light is re f l e c t e d . H o weve r , the precise molecular events leading up to the non-planar backbone geometry are not fully u n d e rs t o o d . The mechanism pro b a b ly va r ies for differe n t methods of inducing the transition (temperature, s t re s s , p H , a f f i n i t y ) . It has been postulated that the blue to re d color transition arises from changes in the conjugation lengths and bond angles in the polydiacetylene backbone [ 2 , 2 0 ] . T h e o r etical and experimental evidence suggests that small conformational changes in the polymer side chains affect the electronic pro p e r ties of the polymer backbone [21, 22] .T h e o r etical calculations predict that as little as a 5° rotation about the C-C backbone bond could account for the observed changes in the electronic stru ct u r e of the backbone [22] . Since the phenomenon of inducing the colori m e t r ic transition by molecular re c o gnition has only been observed ve r y re c e n t l y, i nve s t i g a t i o n s into the optical pro p e r ties of these conjugated polymers a r e only now begi n n i n g .
A number of mechanisms for the color change are plausibl e . In the case of viral binding, a disru p t i ve effect may be induced by the mu l t i valent nature of the large virus part ic l e , p roducing large scale changes in the conformation of the polymer side chains upon virus binding to many diff e r ent binding sites. This is analogous to previous wo r k s h owing that the optical pro p e r ties of polydiacetylenes a r e altered in response to strain [23, 24] . It was re c e n t l y s h o wn by FTIR that rotations about the C-C bond t o the polymer backbone is sufficient to induce the color transition [25] .These results are in agreement with prev ious NMR studies of therm o c h r omism [26] . T h e re f o r e, c o n f o r mational changes in the polymer's alkyl side chains appear to be a sufficient condition for the chromatic trans i t i o n . It is also possible that certain protein and lipid domains of the virus insert into the membrane, i n d u c i n g a conformational change of the inserted domain while inside the membrane [27] . The insertion event could d i s r upt the conjugated backbone, and so induce the colo ri m e t r ic transition.The insertion process may also play a role in the colori m e t r ic response induced by neuro t ox i n s . C e r tain neuro t oxins contain a translocation domain in addition to a binding domain and catalytic domain. Fo r e x a m p l e, b o t u l i n um neuro t o xin will bind to its cell s u r f ace re c e p t o r, G T 1 b , with its binding domain, f o l l owe d by insertion of the translocation and catalytic domain into the cell through the cell membrane [28] , in a pro c e s s reminiscent of the first stages of viral entry.This insert i o n m a y serve to disrupt the lateral interactions in the headgroup re g ion of the film and induce the color transition. Since some neuro t o xins are mu l t i m e r ic (such as the p e n t a valent cholera tox i n ) , a mu l t i valent model is also p o s s i b le for inducing the colori m e t r ic re s p o n s e.
What is the role of the 'promoter'molecule (either sialicacid-or lactose-derivatized PDA) in the tern a r y film a s s e m b ly? It appears that the promoter does not function in the molecular re c o gnition event itself (as if the re c e ptor is omitted from the assembly there is no colori m e t ri c c h a n g e ) , bu t m a y serve to decrease the activation barri e r for the blue to red transition.The study of a wide va ri e t y of promoter lipids should re s o l ve this question. One possibility is that the bulky sugar headgroup in the promoter is subject to va r ious solvent interactions at the matri x s u r fa c e , destabilizing the stru c t u r e of the blue film and thus allowing the re l a t i vely small perturbations prov i d e d by the toxin to complete the colori m e t r ic transition.
Since the gangliosides are not covalently connected to the PDA b a c k b o n e , it also seems possible that the steri c effects induced by the molecular re c o gnition event may i n t e r f e r e with the headgroups of the promoter lipid, t h u s p r opagating the changes resulting from re c o gnition to the chromatic unit of the sensor.
Significance
We have described a general technology for detecting molecular re c o gnition events between ligands and mu l t i valent or inva s i ve target analytes using a simple and direct colori m e t r ic assay.The simplicity of the technology may make it particularly useful for detecting toxic age n t s , r a n g ing from single proteins to whole organisms. Although the mechanism of detection is not fully unders t o o d , the pre s e n c e of ' p ro m o t e r ' molecules is clearly important in some systems. C h a n g ing the identity of the ' p r om o t e r ' molecules may allow the detection of l i g a n d -r eceptor binding events that are not mu l t iva l e n t , and do not invo l v e membrane inva s i o n .
This approach may also have applications in the a r ea of ligand scre e n i n g . As well as the possibility that the ligand binding to a receptor molecule could be made to induce the colori m e t r ic re sp o n s e , the colori m e t r ic response could also be inhibited by drug binding to the target molecule. As more discove r ies are made reg a r ding biologi c a l re c o gnition and mechanisms of signal transduct i o n , it will be possible to develop new ge n e r a t i o n s of materials with specialized functions to mimic natural systems more closely. Use of systems such as these to mimic cell membranes and to detect events occurring within the membrane should a l l o w an expansion of know l e d g e about viral fusion and toxin translocation.
Materials and methods

Construction of thin film assemblies for the detection of toxins
To construct heterogeneously polymerized thin film assembl i e s to detect tox i n s , an organic mixed solvent (chloro f o rm : m e t ha n o l , 2:1) containing 2-5 % sialic-acid-or lactose-deriva t i z e d P DA (compound 2 or 3) , 9 0 -9 3 % PDA (compound 1) , a n d 5 % G M 1 or G T 1 b (compound 4 or 5) was dispersed onto the s u r f ace of a Langmuir-Blodgett (LB) trough from KSV ( H e l s i n k i , Finland) containing 1 x 1 0 -3 M Cd 2 + as the subp h a s e .The substances we r e equilibrated at room temperature for 30-60 min to allow organic solvent to eva p o r a t e , c o m p r essed to the solid-analogous phase, and transferred to the glass slides precoated with octadecyltri c h l o r osilane through ve r tical dipping at the speed of 5 m m m i n -1 .The resulting LB films we r e polymerized 1 min per side with a UVP mineralight (Fisher). A f t e r p o l y m e ri z a t i o n , the film displays a steady blue color.
Colorimetric and spectrophotometric detection of cholera toxin binding
Toxin binding studies we r e carried out with the biosensor containing G M 1 ganglioside in a buffer consisting of 50 mM Tri s , 2 0 0 mM NaCl, 1 mM EDTA and 3 mM NaN 3 , p H 7 . 4 .T h e films we r e first incubated in the buffer solution; films re m a i n i n g in the buffer served as the background re f e r ence when tox i n s we r e added to generate a color change.The color change could be detected visually, and was quantified using a Pe r k i n -E l m e r L a m b d a 11 UV-VIS spectro m e t e r . The response time wa s studied by monitoring the spectra of the biosensor immediately after the film was exposed to a solution containing 40 ppm cholera tox i n .T h ree time points we r e taken to measure the colo ri m e t r ic re s p o n s e : 1 s (0.02 min), 30 min and 60 min.The colo ri m e t r ic response did not change significantly between 1 h and 24 h. The dynamic response range of the cholera tox i n biosensor was determined with the film containing 5 % G M 1 g a n g l i o s i d e, 5 % sialic acid-PDA and 90 % PDA as a function of cholera toxin concentration in ppm.
Construction of sialic-acid-derivatized diacetylene liposomes for detection of influenza virus
Lipids (compounds 1 and 2) we r e mixed in chloro f o r m in a test t u b e, and the organic solvent was evaporated to yield a thin film of the lipids on the glass. An appro p r iate amount of deionized water was added to give a total lipid concentration of 1 m M . The sample was heated to 80 º C, and sonicated for 15 m i n .T h e wa r m solution was filtered through a 0.8 mm nylon filter to re m ove undispersed lipid, and then cooled to 4 º C . P r ior to p o l y m e ri z a t i o n , the liposome solution was purged with N 2 f o r 5 min after wa r ming to ambient temperature.The polymeri z ation was achieved by irradiating the solution with a UVP lamp ( ~254 nm) at a distance of 3 cm with va r ying irradiation times.
Colorimetric detection of influenza virus
In the wells of an ELISA plate, 2 0 0 l of phosphate bu f f e re d saline (PBS, p H 7.4) was mixed with 30 l of the liposome solution (5 % compound 2, 9 5 % compound 1) . The re a c t i o n was started by adding the appro p r iate amount of influenza v i r us (in most cases, 3 0 l ) , PBS as a re f e re n c e, or BSA in PBS ( 1 m g m l -1 ) . UV spectra we r e re c o r ded after va r ious times until the color of the liposome/virus solution was unchanged.
Control experiments to determine the selectivity of toxin sensors
Cholera toxin (CTX), b ovine serum albumin (BSA) and a va ri e t y of other neuro t oxins (including pertussis toxin and diphtheri a t oxin) we r e used to determine the selectivity of the toxin sensor (all toxins used at 40 p p m ) . Only BSA is illustrated as a negative c o n t rol in Figure 6 , since BSA induced the largest response of all of the negative contro l s . The response of both Langmu i r -B l o d g e t t films and liposomes we r e studied, with either sialic acid-PDA or l a c t o s e -P DA . No color change could be observed if the sialic-acid lipid or lactose lipid was re m oved from the molecular assembl y.
Inhibitor control experiments to block virus binding
In a microtiter plate we l l , 2 0 l of virus solution (54 H AU ) , 1 0 0 l of PBS buffer and 50 l of inhibitor in PBS (100 m M -O -m e t h yl neuraminic acid) we r e mixed and preincubated for 1 h at room temperature. In two other we l l s , 1 5 0 l of PBS buffer was mixed either with 20 l of active virus or 20 l of bu f f e r . To start the re a c t i o n , 2 0 l of the liposome solution ( 1 0 % sialic acid-PDA) was added to each we l l . A g a i n , t h e changes in UV spectra we r e monitored over time. 
A ck n o w l e d g e m e n t s :
